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Haitao Niu, Tong Lin, Xungai Wang 
(Centre for Material and Fibre Innovation, Deakin University, Geelong, Victoria 3217, Australia) 
Abstract: In this paper, we demonstrated that a thin metal disk can be used as nozzle to electrospin PV A 
nanofibres on a large-scale. With the rotation of a disk covered with a thin layer of electrically charged PV A 
solution, a large number of fibres were electrospun simultaneously from two sides of the disk and deposited 
on the electrode collector. The fibre production rate can be as high as 6.0 glhr, which is about 270 times 
higher than that of a corresponding nOlmal needle based electrospinning system (0.022 g/hr). The effects of 
applied voltage, the distance between the disk nozzle and collector, and PV A concentration on the fibre 
morphology were examined. The dependency of fibre diameter on the PV A concentration showed a similar 
trend to that for a conventional electrospinning system using a syringe needle nozzle, but the diameter 
distribution was slightly wider for the disk electrospun fibres. The profiles of electric field strength in disk 
electrospinning showed considerable dependence on the disk thickness, with a thin disk exhibiting similar 
electric field strength profile to that of a needle electrospinning system. 
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1 Introduction 
Electrospinning is a very useful method to produce continuous polymer nanofibres for diverse 
applications[l-4]. A typically electrospinning setup consists of a container for polymer fluid, a hollow metal 
tube nozzle (e.g. syringe needle), a high voltage power supply and an electrode collector. When a polymer 
solution in the container is charged with a high electrical voltage, a droplet at the tip of nozzle is attracted by 
the counter electrode, typically 5-30 cm away, to defOlm into a cone shape, which is referred to as a "Taylor 
cone,,[5]. With an increase in the applied voltage, the cone becomes sharper. When the voltage is larger than a 
critical value, the droplet overcomes the restriction of surface tension to form a fluid jet in the electric field. 
This charged jet interacts strongly with the electric field and the charges repulse within the jet also. Because 
of these two electric interactions, the jet travels in an unstable fashion, known as "whipping instability,,[6,7], 
extending itself into long and fine filaments. Solvent evaporation from the filaments results in solid fibres, 
which are finally deposited on the collector, fOlming a nonwoven fibre mat in most cases. From initial jet to 
dlY fibres, the fibre-drawing process takes place rapidly (in milliseconds)[8]. 
One of the major problems for electrospinning with a needle nozzle is the low production rate, because 
each nozzle normally forms one jet, and each jet is just able to process a velY limited amount of polymer 
solution (less than 4ml/hr). To improve the production rate, several approaches have been employed. For 
example, a coaxial gas jacket has been used to improve the fluid processing capability of needle nozzle, by up 
to 10 times[9,IO]. Although the gas jacket was also found to have a function of stabilizing the jet, the resultant 
fibres nOlmally showed low fibre uniformity. Increasing the number of needle nozzles is a straight forward 
way to enlarge the nanofibre production scale[11,l2]. However, the needles in a multiple-needle nozzle system 
have to be set apali from each other to avoid electrical interference among the needles, which led to complex 
nozzle structure and low jet density. 
Concurrent production of multiple-jets without using needle nozzles (needle-less electrospinning) is the 
most promising method for large scale production of nanofibres. Varin et al[13] repOlied that mUltiple jets 
could be generated directly from a double-layer fluid with the lower silicone layer containing magnetic 
powders. The steady vertical spikes of magnetic suspension under external magnetic field perturbed the 
uppermost polymer solution, hence initiating the formation of jets upward. Jirsak et al[14] described a new 
needle-less electrospinning system (Nanospider) using a rotating cylinder as the nozzle, and multiple jets were 
generated continuously from the wetted roller sUiface which was partially immersed in the polymer solution. 
Dosunmu et al[15] repOlied that the multiple jets can be produced using tubular plastic foam nozzle. However, little 
has been reported on whether other types of needleless nozzles can be used to electrospin nanofibres and how the 
operating parameters and solution propeliies influence the fibre morphology and electrospinning process. 
In this paper, we report on a new needle less electrospinning process using a rotating thin metal disk as 
the nozzle, referred to as "disk-electrospinning" here. We have successfully electrospun PYA fibres from this 
new system, and have examined the effects of spinning conditions and polymer concentration on the 
morphology of the disk-electrospun PV A fibres. 
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2 Experiments 
2.1 Materials and measurement 
Poly (vinyl alcohol) (PV A) (Mw= 146 000-186 000, 98%-99% hydrolysed) was obtained from Aldrich 
and used as received. The PV A solution was prepared by dissolving PV A in distilled water, followed by 
vigorous stirring for 6 hours at 85°C. The PV A concentration was in the range of 8.0~ 11.0wt%. 
The fibre morphology was observed under the scanning electron microscopy (SEM, Leica S440), and the 
average fibre diameter was calculated based on the SEM images using an image analysis software 
(ImagePro+4.5). The electric field intensity was calculated using a Finite Element Method. 
2.2 Disk-electrospinning 
Fig.l shows a schematic drawing of the disk-electrospinning 
set-up, which contains a rotatable aluminium disk, a metal drum 
collector, a rectangular plastic solution bath and a high voltage 
DC power supply (ES50P-20W/DAM, Gamma High Voltage 
Research). During electro spinning, a PV A solution was filled in 
the solution bath, so that nearly half of the disk was immersed in 
the polymer solution, and the un-immersed paIi of the disk was 
covered with a thin layer of the PYA solution via rotation of the 
disk. When the PV A solution was charged with a high electrical 
voltage via a metal wire plugged into the solution bath, hundreds 
of the jets/filaments were generated from both sides of the disk 
above the PV A solution, which deposited on the rotating drum 
collector. When the PV A solution was constantly loaded onto the 
disk via disk rotation, jets/filaments were generated continuously. 
Fig.1 Apparatus for needle-less 
disk-electro spinning 
During electro spinning, the applied voltage and the nearest distance between edges of spinning disk and drum 
collector were set in the range of 41 ~49 kV and 11 ~ 19 cm, respectively. 
For comparison, the PV A solutions were also electrospun using a nOlmal syringe needle (21 Gauge, O.D. 
= 0.82 mm; LD. = 0.51 mm) as the nozzle. During the electrospinning, the applied voltage, flow rate of PYA 
solution and collecting distance were controlled at 20 kV, O.2mllhr and 15 cm, respectively. Attempts were 
made to electrospin the PV A solutions under the same conditions as that used for disk-electrospinning, but 
without success. 
3 Results and discussions 
Fig.2 shows SEM photos of the disk-electrospun PYA fibres. The fibres are relatively unifOllli and paIiially 
aligned on the rotating drum collector. The nanofibre production rate can be as high as 6 g/hr (disk diameter 80 
mm, thickness 2 mm), which is 270 times higher than a conventional single needle electrospinning system 
(0.022 g/hr). 
'f...d-. 
Fig.2 SEM images of PV A nanofibres electrospun under different applied voltages: A) 41.0 kV; B) 43.0 kV; 
C) 45.0 kV; D) 47.0 kV; E) 49.0 kV (spinning distance=13 cm, PYA concentration= 9.0wt%) 
193 
A possible reason for the formation of multiple jets on the flat disk sides is that the polymer solution in 
these areas tends to move down to the solution bath under gravity, leading to the vibrations of the solution 
surface. High electric potential centres are thus formed that initiate the generation of jets. 
It was noticed that the formation of jet/filament was influenced by the disk rotating speed, the applied 
voltage and polymer solution properties. The disk rotating speed affected the coverage and thickness of the 
PYA solution on the disk. Uneven coverage became apparent when the rotating speed was too slow (less than 
20 rpm). As a result of uneven coverage of the polymer solution on the disk, jets could not be generated 
continuously. It was found that, when the rotating speed was in the range of 40~50 rpm, the disk surface was 
covered with a thin layer of PV A solution evenly. As a result, jets/filaments were produced in a stable and 
continuous way. However, too high a rotating speed could throw the polymer solution off the disk. 
The electric field has a crucial influence on the initiation of solution jets and fibre-drawing process. 
Increasing the applied voltage nOlIDally leads to higher electric forces to draw the charged filaments thinner, 
and the charge repulsion within the filament becomes stronger also. The SEM images of the nanofibres 
electro spun from 9.Owt% PYA solution under different applied voltages are shown in Fig.2, and the average 
fibre diameters calculated based on the SEM images are listed in Fig.3a. With the increase in the applied 
voltage from 41 kV to 49 kV, the as-spun fibres all looked unifOlID and the average fibre diameter reduced 
gradually, but the diameter distribution changed little. 
Besides the applied voltage, the distance between the nozzle and collector influenced the fibre 
morphology. When the applied voltage remained the same, with the increase in the collecting distance from 
11 cm to 19 cm, the average fibre diameter changed very little (Fig.3b). However, when the collecting 
distance was larger than 19 cm, no nanofibres were produced if the applied voltage was below 48 kV. 
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Fig.3 Dependency of fibre diameter on the applied voltage and collecting distance 
The polymer concentration is an impOliant factor affecting the electrospinning process and fibre 
morphology, because of its influences on the solution propeliies such as viscosity, conductivity and surface 
tension. When 8.0wt% PYA solution was electrospun by the disk nozzle under 47 kV applied voltage, 
uniform fibres were produced with an average fibre diameter of about 280±120 nm (FigA). With the increase 
in the PV A concentration, the fibre diameter increased. For the 11.0wt% PYA solution, the average fibre 
diameter was 850±440 nm. 
1500,---------------, 
1200 
E 
.s 
* 900 E 
'" i3
i!' 600 
.Q 
iL 
---R- Disk electrospinning 
... {) .... Needle electrospinning 
8.0 8.5 9.0 9.5 10.0 10.5 11.0 
100 
80 
E 
" 60 o 
u 
40 
c::=J Disk Nozzle 
- Curve-fitting 
~ Needle Nozzle 
- - - - Curve-fitting 
PVA Concentration (WI%) Fiber Diameter (nm) 
(a) (b) 
Fig.4 (a) A comparison of fibre diameter between disk-electrospinning (Collecting distance=l1 em, Applied 
voltage=47 kV) and needle electrospinning (Collecting distance=15 cm, Applied voltage=20 kV); 
(b) diameter distribution of nanofibres from both electrospinning processes (PV A concentration= 8.0wt%). 
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The dependency of fibre diameter on the solution concentration for conventional needle electrospinning 
system under 20 kV applied voltage and 15 cm collecting distance is also shown in Fig.4a. The fibres had a 
similar diameter to those produced by the disk-electrospinning process when the PV A concentration was 
8.0wt%, but slightly finer fibres were produced when the PV A concentration was higher. Since the fibre 
fineness was also affected by many operating parameters, a slightly larger fibre diameter did not suggest that 
fibres electrospun from the disk-electrospinning were coarser than these from needle electrospinning process. 
The nanofibres produced by the needle electro spinning system were slightly naITOWer in the diameter 
distribution when compared with those produced by disk-electro spinning. Fig.4b shows diameter distributions 
of the fibres electro spun from 8.0wt% PV A solution using both the disk and needle electrospinning process. 
For the disk-electrospun nanofibres, the fibre diameter ranged from 50 to 800 nm. By comparison, the fibre 
diameter for the needle-electro spun nanofibres was in the range of 170~470 nm. Curve-fitting of these 
diameter distributions using Origin software (version 7.5, Microcal Inc.) indicated that the diameter 
distribution of the disk-electro spun fibres was best-fitted by a Lognormal function (equation 1; Yo=2.9690, 
xc=0.2358, w=0.2873, A=16.1141; R2= 0.99297), while the diameter of needle-electro spun fibres followed a 
Gaussian function (equation 2; yo=5.9497, xc=0.2674, w=0.0782, A=7.2224; R2= 0.97861). Similar trend was 
also found for other concentration ofPVA solutions. 
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To gain an in-depth understanding of the electrospinning process, the profile of electlic field intensity along 
the electrospinning direction (from the tip of nozzle to collector) was calculated. As shown in Fig.5, the positions 
of highest point of the disk nozzle and the lowest point of the collector are at (0, 0) and (15, 0) respectively. 
When the disk was thin, high electric field strength was fOlmed at the highest point of the disk nozzle. Along the 
direction from nozzle to collector, the field strength decayed rapidly in the first few centimetres from the nozzle, 
and then stabilised towards the collector. Also, the disk thickness affected both the electlic field intensity and its 
profile. A thinner disk produced higher electric field around the nozzle area, but lower in the area close to the 
collector. When the disk thickness was larger than 20 cm, a cylinder-like structure led to even distribution of the 
electric field intensity. Such a difference in the profile of electric field intensity makes the disk-electrospinning 
slightly different from the cylinder based electrospinning system (e.g. Nanospider). 
By comparison to the thin disk (thickness=2 mm, applied voltage 47 kV), a needle-like electrospinning 
nozzle (applied voltage 20 kV) showed a similar profile of electric field intensity, except for the lower 
intensity values. 
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Fig.5 Relationship between disk thickness and electric field intensity (Applied voltage=47 kV); and a 
comparison of electric field intensity between disk-electrospinning and needle electrospinning. 
4 Conclusions 
In this research, we have demonstrated that unifOim PV A nanofibres can be electrospun using a rotating 
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thin metal disk as the nozzle. By comparison to needle electrospinning process, a higher applied voltage is 
needed to initiate the jet formation in disk-electrospinning. However, the production rate of the disk-
electrospinning system is significantly higher. In disk-electrospinning, valying the applied voltage from 41 kV 
to 49 kV and the collecting distance from 11 cm to 19 cm has little effect on the average fibre diameter. 
Although it is difficult to compare the fibre fineness between the two electrospinning systems, the disk-
electrospun fibres have a slightly larger diameter distribution than the needle electrospun ones. It is expected 
that nanofibres with smaller diameter and narrower distribution can be produced from different polymers via 
further optimisation of the disk-electrospinning apparatus and the operating parameters. 
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